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INTRODUCTION 
In recent years there has been significant interest in titanium-based metal-matrix 
composites for structural applications in airframe and engine components. In many 
applications, these composites are integrated into structural components by diffusion 
bonding. Thus the composites are subjected to temperature/time cycles during mate-
rial processing and to temperature/stress cycles in service. One major effect of these 
thermomechanical cycles is that they significantly alter the microstructure of the com-
posite constituents and the residual stresses. Even though the changes in microstruc-
ture and residual stresses may not affect the composite properties greatly, they often 
lead to completely different failure mechanisms. Therefore, it is important to under-
stand the role of heat treatment on composite damage development, which can only 
be done by nondestructively monitoring damage initiation and development during 
the failure process. 
Different ultrasonic methods have been used for assessing fatigue damage in com-
posites, including measurements of bulk wave velocities [1,2) and attenuation [3), sur-
face wave attenuation [4) and ultrasonic wave nonlinearity [5). This paper focuses on 
utilization of ultrasonic bulk wave methods for evaluating damage initiation and evo-
lution during fatigue loading of titanium matrix composites. Assessment of damage 
is done by measuring ultrasonic phase velocities in the composites to determine the 
composite elastic moduli. Due to damage the measured composite moduli change and 
one can assess the damage severity from these changes. The objective is to show that 
the effective elastic properties of the composites measured ultrasonically are useful 
in discriminating the effect of heat treatments on fatigue damage mechanisms and in 
quantifying damage evolution. 
EXPERIMENTAL APPROACH 
Sample 
The samples used in this work are [O/90b SiC/Ti-15V-3Cr-3AI-3Sn metal ma-
trix composites prepared by Soboyejo and Rabeeh [6). The composite has an 8-ply 
symmetry layup made by hot isostatic pressing of a foil/fiber/foil layup. The matrix 
is metastable j3 titanium alloy Ti-15V-3Cr-3AI-3Sn (Ti-15-3, weight ratio) and the SiC 
fiber is SCS-6 by Textron. The fiber volume fraction of the composite is 35 percent and 
the composite density is 4.18 g/cm3 • 
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Fig_ 1. Orientation of the coordinate system. 
To simulate the effect of heat treatment during material processing, heat treat-
ments at temperatures above (815 0 C) and below (540 0 C) the matrix j3 transus (about 
750 to 768 0 C, [7]) were used for as-received samples which resulted in changes in ma-
trix microstructure and interfaces. For samples heat treated at 8150 C, the reaction 
zone at the interface is coarsened while the matrix remains unchanged. For samples 
heat treated at 5400 C, the matrix undergoes a phase transformation j3 ~ j3 + a while 
the interface remains unchanged [8]. Such a phase transformation embrittles the ma-
trix due to the presence of very fine a precipitates [9]. For both temperatures the sam-
ples were heat treated for different exposure times (10 and 100 hours). 
Fatigue Testing and Ultrasonic Measurements 
The heat treated samples were first fatigued to failure under different stress ranges 
to obtain their SIN curves. The resulting SIN curves show that the composite fatigue 
properties are greatly affected by the heat treatments [6]. Based on the SIN curves, 
two stress-controlled fatigue tests (.6.0' equals 50 or 70 percent of the ultimate strength, 
R = O'minlO'max = 0.1) were selected for ultrasonic damage assessment using samples 
with different heat treatments. The fatigue cycling frequency is 10 Hz. Ultrasonic mea-
surements were performed on samples prior to fatigue as well as at different stages of 
fatigue (with step size 0.1 of the fatigue life). 
A self-reference bulk wave method [10,11] is used to measure the ultrasonic phase 
velocities in the composite samples. The measurements were made in a computer con-
trolled goniometer [12] using a 5 MHz immersion transducer. Angular resolution and 
repeatability were better than 0.01 degree. The water temperature inside the goniome-
ter was stabilized at 29.8±0.01° C. 
ANGULAR DEPENDENCE OF ULTRASONIC VELOCITIES AND EFFECTIVE 
COMPOSITE MODULI 
Ultrasonic measurements were made in several incident planes (parallel or normal 
to the loading direction). The coordinate system is selected so that axis 1 is along the 
loading direction (the fiber direction in the 00 plies) and axis 2 is along the fiber di-
rection in the 90 0 plies as shown in Fig. 1. In each incident plane the time delay was 
measured as a function of incident angle and used to calculate wave propagation veloc-
ities at different refraction angles. For samples heat treated at 8150 C, the ultrasonic 
wave velocities were found to decrease as the number of fatigue cycles increases. Fig. 
2(a) shows the quasi-longitudinal wave velocity versus refraction angle (propagation 
direction) in the 1-3 plane (parallel to the loading) for a composite heat treated 
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Fig. 2. The measured quasi-longitudinal wave velocities versus refraction angle in the 
planes (a) parallel and (b) normal to loading at different stages of fatigue damage. The 
data shown are for samples heat treated at 815 °C for 100 hours. 
for 100 hours before fatigue and at different stages of fatigue life. In addition to the 
reduction in velocities, the angular dependence of the quasi-longitudinal velocities is 
also changed due to evolution of fatigue damage. It is clear that the velocity at oblique 
incidence is more sensitive to fatigue damage in composites than the velocity at normal 
incidence, thus indicating fatigue induced change in anisotropy. 
The anisotropy change is different in the plane perpendicular to the loading (the 
2-3 plane). Fig. 2(b) shows the quasi-longitudinal wave velocities in the 2-3 plane 
of the same composite. In contrast to the velocities in the 1-3 plane, the velocity re-
duction in the 2-3 plane is less at oblique incidence than at normal incidence. Note 
that the velocities in the 2-3 and 1-3 planes are nearly identical for as-received sam-
ples due to the symmetry [0/90] layup. The difference in velocity angular dependence 
after fatigue indicates loss of symmetry due to fatigue damage. The changes of the 
quasi-transverse wave velocities and their angular dependence are similar to those of 
the quasi-longitudinal waves. 
For samples heat treated at 540 oC, reduction of ultrasonic velocity due to fatigue 
damage is much less (Fig. 3) compared to those heat treated at 815 °C. It is important 
that one can discriminate the effect of heat treatment on fatigue damage development 
in the composite. 
Microstructural study using optical and scanning electron microscopy was per-
formed to understand damage mechanisms and explain the ultrasonic results. The mi-
crographic study reveals that for composites heat treated at 815°C the fatigue damage 
is dominated by fiber/matrix debonding in the 900 layers whose interfaces are perpen-
dicular to the loading direction. The deb on ding of the fiber/matrix interface is partial 
(Fig. 4): it is most severe along the loading direction while in the direction transverse 
to loading the interfaces remain nearly intact. As the damage progresses due to further 
fatigue cycling, the initial debond is then extended over the interface. The damage 
described is consistent with the ultrasonic results in the 1-3 plane. As schematically 
shown in Fig. 4, when ultrasonic waves propagate parallel (at normal incidence) to the 
crack-like fiber/matrix debonds, the velocities are less affected by the damage. On the 
other hand, when the ultrasonic waves propagate nearly perpendicular (at oblique in-
cidence) to the debonds, the velocities are greatly reduced by the micro damage. Thus 
the ultrasonic velocities for samples with and without fatigue damage (fiber 
debonding) have a different angular dependence. 
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Fig. 3. Same as Fig. 2 except for samples heat treated at 540 DC for 100 hours. 
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Fig. 4. Schematic diagram of the fatigue damage for samples heat treated at 815 DC. 
The effect of the damage preferred orientation on ultrasonic measurements is indi-
cated. 
Since the ultrasonic wavelength used in experiment is approximately five times 
greater than the lamina thickness (0.21 mm), one can use the measured velocity data 
to determine the effective moduli of the cross-ply composite. In this case, the calcu-
lated composite moduli represent ultrasonically averaged composite properties with re-
spect to a specific layup, considering the composite as a homogeneous material. Also 
since wave dispersion is very small in this frequency range, the elastic constants de-
termined are close to the static limit (w -+ 0). To determine the composite moduli 
we use an inverse approach applying the nonlinear least-squares optimization tech-
nique [10,12]. The unknown material properties can be found by minimizing the sum 
of squares of the deviations between the experimental and calculated velocities consid-
ering the elastic constants, and if necessary density, as variables in a multidimensional 
space. 
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Table 1. The effective elastic constants (in GPa) at different fatigue (~O" = 0.50"u) 
stages for a [0/90] SiC/Ti-15-3 composite heat treated at 815°C for 100 hours. 
N/Nt G'n G'22 G'33 G'13 V23 V44 G'55 
0.0 222 222 195 95.9 95.2 45.1 46.9 
0.1 202 215 186 90.1 90.0 45.4 42.7 
0.2 197 216 182 86.1 89.9 45.1 39.2 
0.3 191 207 174 82.1 82.4 43.9 37.3 
0.5 173 193 159 68.2 72.2 42.1 35.1 
0.6 167 193 159 65.6 73.8 42.3 34.3 
0.7 167 188 153 66.2 68.0 41.4 33.3 
0.8 158 191 152 58.5 69.5 41.5 33.2 
0.9 153 185 146 54.1 65.2 41.3 32.1 
1.0 151 185 144 52.9 65.3 41.0 32.5 
Table 1 shows typical effective elastic constants at different fatigue stages for com-
posites heat treated at 815°C. The first column N / Nt denotes the number offatigue 
cycles (N) normalized by the sample fatigue life (N,). Before fatigue testing (N = 0) 
Cn = C22 since the composite has a [0/90] symmetry layup. As fatigue progresses, 
the elastic constants (Cn , C13 and C55 ) in the loading direction decrease more than 
those (C22 , C23 and C44 ) in the direction transverse to loading. In other words, elastic 
symmetry is changed due to fatigue damage development. Also one must be very care-
ful when comparing the ultrasonic results shown in Table 1 with those measured dur-
ing loading or unloading. The deformation produced by ultrasonic waves is extremely 
small while static loading may induce plastic deformation affecting the shape of the 
debonded areas by opening and closing of the debonded gaps. 
DAMAGE MODELING AND RELATION BETWEEN MEASURED COMPOSITE 
MODULI AND DAMAGE DEVELOPMENT 
To better understand damage evolution, it is useful to relate the measured com-
posite moduli to the observed damage. This can be done by estimating, using mi-
cromechanical analysis, the changes of composite moduli induced by the damage. Since 
debonding of fiber-matrix interfaces was observed in the 90° plies along the loading 
direction, it is reasonable to assume that changes in composite moduli in the early 
stage of fatigue are dominated by partial debond of fiber-matrix interfaces in the 90° 
plies. To calculate the elastic moduli of a damaged composite (with partial interface 
debond), we used a modified partial debond model developed originally by Takahashi 
and Chou [13]. In the Takahashi-Chou analysis, tensile and compressive loads were ap-
plied to a composite with completely disbonded fibers and cause opening of the fiber-
matrix interface as shown in Fig. 4. The opening of the interface has different orien-
tation depending upon the loading, which leads to different stress states in the fiber: 
0"1 = 0, 0"3 =f 0, under tension and 0"3 = 0, 0"1 =f 0, under compression. To represent 
different stress states Takahashi and Chou derived the effective properties of the fiber 
and use them to compute the composite tension and compression moduli (13). 
In our analysis we assume that partial debonding occurs in the 90° plies due to 
static or fatigue loading as shown in Fig. 4. Since the displacement amplitudes of the 
ultrasonic waves are of the order of Angstroms and the stress levels are much smaller 
than the residual stresses in the composite, the state of the partial debonds in the 
composite is not affected by ultrasonic waves during measurements. When ultrasonic 
waves propagate along the loading direction (axis 1) in the 90° plies, we assume the ul-
trasonically measured lamina modulus to be equal to the tension modulus (Fig. 5(a)) 
of the lamina with partially debonded interface. In the direction perpendicular to both 
fibers and loading (axis 3 in Fig. 4) we assume that the ultrasonically measured lam-
ina modulus equals the compression modulus (Fig. 5(b)) because the wave propagates 
perpendicular to the fiber-matrix interfaces which remain intact. Based on these ob-
servations we propose a partial debond model utilizing the Takahashi-Chou results for 
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Table 2. (a) The calculated elastic moduli (in GPa) for the 90 0 plies using a partial 
bond analysis and matrix with cylindrical holes (complete debond). (b) Composite 
moduli (in GPa) calculated using rules of mixture from moduli of 00 and 90 0 plies and 
measured ultrasonically. 
(a) Elastic moduli of the 90 0 plies 
Mlcromechamcal models £1 £3 G13 
Complete de bond 31.9 31.9 11.4 
Partial debond 42.5 138 26.3 
(b) Elastic moduli of the composites 
Models and expenment 
Complete debond m the 90° phes 
Partial debond in the 900 plies 
Experiment, N = 0.5NJ (average of 4 samples) 
Experiment, before fatigue (average of 4 samples) 
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Fig. 5. Schematic for a composite with debonded fibers subjected to (a) transverse 
tension and (b) transverse compression. 
elastic modulus estimation of damaged composites. In this model we suggest using the 
tension modulus as the El of the 900 plies along the loading direction and the compres-
sion modulus as the E3 of the 90° plies in the direction perpendicular to both fibers 
and loading. The shear modulus is used as the Gl3 of the 90 0 plies. 
The calculated moduli for the 900 ply using the partial debond model are shown in 
Table 2(a). Also shown in Table 2(a) are the results, calculated using micromechanical 
models [14], of a completely debonded case where the fibers are replaced by cylindri-
cal holes. The two models give very different results. The moduli given for complete 
debonding are much less than those given for partial debonding. To investigate which 
model is closest to the actual damage, the moduli given in Table 2(a) are used to find 
the overall composite moduli and compared to experimental data. For simplicity we 
assume that the 00 plies are intact and calculate the overall composite moduli based 
on rules of mixture [14]. Of course, our assumption neglects the fact that the 00 plies 
may also suffer from interface debond due to fatigue (as indicated by the decrease of 
composite modulus C22 in Table 1). However, the interface debond in the 00 plies has 
only a minor effect on the elastic properties in the loading direction while the effect 
may be large in the direction transverse to the loading. Thus the calculated compos-
ite properties should be reasonable in the loading direction (Ed and may be slightly 
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Fig. 6. The measured composite elastic constants (a) El and (b) Gl3 versus number 
of fatigue cycles for samples heat treated at 815 °C. 
higher in the direction transverse to the loading (E3). The elastic moduli of the 00 ply 
(El = 187 GPa, E3 = 135 GPa and G13=47 GPa) are taken from experimental data on 
a unidirectional composite panel measured ultrasonically [15]. The calculated compos-
ite properties are shown in Table 2(b) together with experimental data at 50 percent 
of the fatigue life. From the results shown in Table 2(b) it is clear that the predictions 
of the partial debond model are much closer to the experimental data than those of 
the complete debond model. 
Following the above discussion, the measured composite moduli may be divided 
into two portions as shown in Figs. 6(a) (El ) and 6(b) (G13 ). In the first 50 percent of 
the fatigue life, the reduction of the composite moduli may be dominated by debond-
ing of the fiber-matrix interface in the 900 plies and there may be some minor debond 
occurring in the 00 plies. Thus the measured composite moduli decrease rapidly with 
the development of debonding until the point when the fibers in the 900 plies no longer 
resist the load (at about 50 percent of the fatigue life). It may be argued that at 50 
percent of the fatigue life most of the load in the 900 plies is carried by the matrix and 
matrix cracking may start then. The matrix cracking may be mixed with continuing 
debond in the 00 plies and possible matrix hardening. As a result, the rate of decrease 
in the composite moduli in the second 50 percent of the fatigue life is lower than dur-
ing the first 50 percent. Of course the actual damage occurring in the composite is 
much more complicated than discussed here. However, the simplified damage model 
provides explanations for the reduction of composite moduli and the analysis given 
relates the observed damage to the measured composite moduli. 
SUMMARY 
In this study, [0/90hs SCS-6/Ti-15-3 composites with different heat treatments 
were used for ultrasonic assessment of fatigue damage development. For samples heat 
treated at 815 °C ultrasonic velocity measurement is very sensitive to the damage 
progress. The reductions of composite moduli were found to be greater in the first 
50 percent of the fatigue life where the dominant damage mechanism is debonding 
of fiber/matrix interfaces in the 900 plies. In the later stages of fatigue, mixed-mode 
damage and possible matrix hardening cause slower decrease in composite moduli. Mi-
cromechanical analysis was used to relate the measured composite moduli to the ob-
served damage. The calculated composite moduli from a partial debond model agree 
with experimental data at 50 percent of fatigue life. 
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